We review flavour and CP violations in the lepton sector as probes of new physics beyond the standard model and its minimal extensions accommodating massive neutrinos. After recalling the main experimental bounds and the future perspectives, we summarize the limits on a set of dimension-six gauge-invariant operators, pointing to a scale of new physics much larger than the electroweak scale. If we insist on having new physics at the TeV scale, as demanded by most of the standard model extensions addressing the gauge hierarchy problem, we should rely on special mechanisms to deplete flavour and CP violations in the charged lepton sector. We comment on the capability of partial compositeness in reconciling the absence of signals with a scale of new physics accessible to the LHC.
Motivations and experimental searches
Lepton flavour violation in the charged lepton sector (CLFV) is expected at some level. The individual lepton numbers L i (i = e, µ, τ ) are violated in neutrino oscillations. We have evidence for conversion of ν e into (ν µ , ν τ ) from solar neutrino experiments, ν µ into ν e from long baseline experiments and ν µ into ν τ from atmospheric neutrino oscillations and the OPERA experiment 1 . Massive neutrinos and a non-trivial lepton mixing matrix U P M N S imply L i (i = e, µ, τ ) non-conservation, which should show up in processes with charged leptons a . The violation of the individual lepton numbers in the context of three generations entails CP violation in the lepton sector (LCPV). This is welcome since the amount of CP violation from the quark sector is insufficient to generate the baryon asymmetry of the universe. For example in the standard model (SM) minimally extended by the inclusion of three right-handed neutrinos (νSM) there are six independent CP-violating phases, leading to the attractive possibility of leptogenesis.
At the level of the present and forthcoming experimental sensitivities, both CLFV and LCPV probe new physics (NP) beyond the νSM. For instance the branching ratio of the radiative muon decay µ → eγ, evaluated in the νSM assuming Dirac neutrino masses, is given by
completely out of reach by conceivable experiments by many orders of magnitude. This process is unobservable also in νSM within a large scale type-I see-saw. The smallness of BR(µ → eγ) is explained by the peculiar GIM suppression in the above expression: in the quark case we have small mixing angles and large masses, while here we have relatively large angles but tiny 
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neutrino masses. In the SM with massless neutrinos the electric dipole moment (EDM) of the electron gets the first non-vanishing contribution at the 4th loop order:
In the νSM with Dirac (Majorana) neutrinos d e is different from zero at 3(2) loops, but is negligibly small 2 . Any evidence for CLFV and/or LCPV would imply NP beyond the νSM.
The absence of signals of CLFV and LCPV is one of the aspects of the more general flavour problem, which follows from the assumption that the gauge hierarchy problem is solved by NP close to the TeV scale. Indeed, given the current sensitivity to CLFV and LCPV processes, a NP scale Λ NP much larger than the electroweak scale is naively expected. Thus, if there is NP at the TeV scale as demanded by most of the SM extensions addressing the gauge hierarchy problem, we should devise special mechanisms to deplete CLFV and LCPV much more efficiently than the suppression factor E 2 /Λ 2 N P carried by the relevant amplitudes. Another aspect we would like to clarify is the link between CLFV, LCPV and neutrino properties. 
The experimental searches of CLFV cover tau and muon decays and µ to e conversion in nuclei. In tau decays we have a rich pattern of kinematically allowed channels, ranging from τ → µγ, τ → eγ to tau decays into three charged leptons and LFV semileptonic tau decays. The current limits on the corresponding BRs are at the level of few 10 −8 , at 90% C.L., from the searches carried out at the BABAR and Belle B-factories, see table 1. The future expected sensitivity should go down to the 10 −9 level for most of these channels, from the searches planned at future super B-factories and LHCb. The muon is the major player in this field. The most stringent limits on NP come from the present bounds on LFV muon decays. Great improvements are expected within this decade, at the level of 4 ÷ 5 orders of magnitude for the sensitivities of µ → 3e and µ → e conversion in nuclei, see table 2: we can speak of a golden age for CLFV searches. Concerning the anomalous magnetic moments and the EDM of the charged leptons, the present data are summarized in table 3. We recall the long-standing evidence (≈ 3.2σ) of a deviation with respect to the SM prediction in a µ = (g − 2) µ /2, which will be checked by the Muon g-2 experiment at Fermilab, aiming to bring the present 0.5 ppm accuracy down to the 0.2 ppm level. 
Effective Lagrangian and model-independent bounds
To describe generic NP contributions to CLFV and LCPV it is convenient to adopt an effective field theory description where the SM Lagrangian is extended by a set of gauge invariant operators depending on the SM fields 3 :
where we have focused our attention on the dimension-six operators, which are the lowestdimensional ones contributing to the processes of interest. Dots stand for higher-dimensional operators. A complete set of dimension-six operators 4 depending on lepton fields and on the scalar electroweak doublet ϕ is given in table 4. The electromagnetic dipole operators (Q eγ ) ij are the only operators that give a tree-level contribution to the radiative decays of charged leptons, when i = j. The diagonal elements, i = j, contribute to the anomalous magnetic moments and to the EDM of the charged leptons. After the breaking of the electroweak symmetry the vector operators (Q
ϕl ) ij , (Q ϕe ) ij modify the couplings of the Z boson to leptons, violating both universality and lepton flavour. The scalar operators (Q eϕ ) ij contribute, with a different weight, to masses and Higgs couplings of the charged leptons. The four-lepton operators (Q ll ) ijmn , (Q ee ) ijmn , (Q le ) ijmn can contribute to muon and tau decays into three charged leptons. Other ten independent dimension-six operators of the type ℓℓqq describe µ to e conversion in nuclei 4 . Each operator carries flavour indices and hermiticity of the Lagrangian is guaranteed either by appropriate symmetry properties of the coefficients under transposition of the indices or by addition of the hermitian conjugate operator.
In tables 5 and 6 we list the current bounds on the Wilson coefficients C i of the Lagrangian of eq. (3), extracted from model-independent studies of LFV processes 5,6,7 . Each bound has been derived by assuming a single non-vanishing Wilson coefficient at the time. The main 
bounds on the coefficients of the dipole operators Q eγ and Q eZ come from the present limits on the branching ratios of the radiative lepton decays. The amplitudes for these processes get a tree-level contribution from the off-diagonal elements of the electromagnetic dipole operator Q ij eγ , while Q ij eZ contributes at one loop. From the limits on the lepton EDMs we have 6
Given the current deviation ∆a µ = a EXP µ − a SM µ in the muon anomalous magnetic moment 8,9 a µ = (g − 2) µ /2 reported in table 3 we would need
to reproduce the central value of the data. Also the scalar operator Q eϕ is mostly bounded by the limits on radiative lepton decays 10,11,12,6,7 . These bounds are dominated by two-loop contributions of the corresponding operator to the radiative lepton decay, through Barr-Zee type diagrams, assuming that the top Yukawa coupling is as in the SM. One-loop contributions to charged lepton radiative decays and tree-level contributions to l → 3l ′ decays lead to less severe bounds than the ones given in table 5.
Coming to the vector operators (Q (1,3) ϕl ) ij , (Q ϕe ) ij , they lead to lepton flavour violating Z decays, but the corresponding limits on the Wilson coefficients, assuming Λ N P = 1 TeV, are of order 10% 6 . Through one-loop diagrams they also contribute to radiative decays of the charged leptons 6,7 . It turns out that the most restrictive bounds come from the decays l → 3l ′ , whose branching ratios satisfy the limits given in tables 1 and 2. We collect the corresponding bounds in table 5. Also the contact operators can contribute to both the decays l → 3l ′ and, through one-loop diagrams, to the radiative decays of the charged leptons. The most significant bounds are given in table 6 . Finally, present limits on µ to e conversion in nuclei constrain the Wilson coefficients of operators of the type ℓℓqq 13 . In the electromagnetic dipole operator
it is convenient to redefine the Wilson coefficient as
to account for both the electromagnetic coupling constant e and for the violation of the chiral symmetry, since we expect that C ij eγ should vanish in the chiral limit. Considering i = j we have
implying the model-independent relation
Taking A µµ of order 1, we need Λ N P ≈ 3 TeV, to account for the central value of the discrepancy in a µ , see table 3. From eq. (9) we get
much smaller than the current bound if ϕ µ is of order one. The assumption A ii = A defines the so-called limit of Naïve Scaling (NS), where the following relations hold
NS is a useful benchmark, but it can be violated in SM extensions with new flavoured particles having non-universal masses and/or non-universal interactions with leptons 14 . According to NS we have 
The present experimental sensitivity to ∆a e ∆a e = a 
is only one order of magnitude far from the prediction of eq. (12), as pointed out in ref.
14 . In eq. (13) the error is dominated by the experimental error on a EXP e and by the error on the fine structure constant α( 78 Rb) as extracted from the Rydberg constant through atom interferometry. A realistic reduction of these two errors, probably achievable in the near future, would allow to verify the relation between ∆a µ and ∆a e .
If NS holds we also have 
showing that the (g − 2) µ anomaly and the NS require tiny flavour-blind phases, |ϕ| < 6 × 10 −5 .
Why we have not seen CLFV and LCPV?
An efficient mechanism suppressing flavour changing neutral currents (FCNC) and CP violation can be introduced by observing that in the electroweak theory the symmetry of the flavour sector is broken only by the Yukawa interactions. Minimal Flavour Violation (MFV) 15 is defined by the assumption that, even including NP contributions, Yukawa couplings are the only source of such symmetry breaking. In MFV flavour effects from NP are controlled and damped by the smallness of fermion masses and mixing angles. In this framework data from the quark sector allow Λ N P to be considerably smaller, close to the TeV scale. In the lepton sector MFV is not unambiguously defined 16 , since we have several different ways to describe neutrino masses. For instance we can add to the SM Yukawa Lagrangian the dimension-five gauge-invariant Weinberg operator:
Here we work in the basis whereŷ ℓ , the matrix of charged lepton Yukawa couplings, is diagonal. The matrix w ij describes neutrino masses and lepton mixing angles and the scale Λ L is associated to the breaking of the total lepton number. Assuming MFV, we can estimate the Wilson coefficients of the dimension-six operators. For instance, for the electromagnetic dipole operators (Q eγ ) ij we have:
where c i are real coefficients of order one, dots stand for insertions of higher order in (ŷ ℓ , w) and the lowest order LFV contribution comes from the term proportional to c 3 . As in the SM, in the limit of vanishing neutrino masses w = 0 there is no LFV. This is more evident when we express the LFV part of C ij eγ in terms of neutrino masses and lepton mixing angles:
The observability of radiative charged lepton decays depends on the ratio Λ L /Λ N P . All experimental bounds are satisfied if Λ L /Λ N P < 10 9 . Qualitatively similar conclusions hold if neutrino masses are described by a type-I see-saw mechanism. In the ratio BR(µ → eγ)/BR(τ → µγ) the unknown scales Λ N P,L drop and we get relatively accurate predictions. In particular, from the present limit on BR(µ → eγ) we find BR(τ → µγ) < (1.0 ÷ 1.6) × 10 −11 , the source of uncertainty being the mixing matrix U P M N S and in particular the Dirac-like CP-violating phase. MFV provides a useful benchmark for the discussion of the flavour sector, but it does not emerge from the known mechanisms aiming to explain the observed fermion spectrum 17 , or from the known models providing a solution to the gauge hierarchy problem.
It is interesting to see what is the degree of suppression of CLFV and LCPV achievable in SM extensions addressing the gauge hierarchy problem. Beyond low-energy supersymmetry, where the predictions are rather model dependent and strictly related to the mechanism which breaks supersymmetry, a class of attractive candidates is provided by composite Higgs models 18,19 , where fermion masses and mixing angles can be described by partial compositeness 20 .
Light fermions get hierarchical masses from the mixing between an elementary sector and a composite one. As a toy realization of this idea, consider a model where the composite sector contains, for each SM fermion, a pair of heavy fermions allowing a Dirac mass term of the order of the compositeness scale and a mixing term with the SM fields 21
The 
where X ≡ ∆m −1 ,X ≡∆m −1 † and dots stand for contributions of higher order in v/m. The appealing feature of this pattern is that hierarchical fermion masses and mixing angles can be explained by the mixing matrices X andX, even in the presence of anarchical matrices Y * R and Y * L . This is of particular interest, since neutrino masses and mixing angles as extracted from neutrino oscillation experiments 1 seem to support the idea of an underlying anarchical dynamics. At the one-loop level, summing over the h, Z and W amplitudes, we get the main contribution to the electromagnetic dipole operator Q eγ :
If Y * R and Y * L are anarchical matrices we see that, in general, y SM ℓ and C eγ are not diagonal in the same basis. At variance with MFV, we have CLFV even in the limit of vanishing neutrino masses, without any relation to the scale of breaking of the total lepton number L. Moreover the coefficients (C eγ ) ij are in general complex in the basis where y SM ℓ is real, positive, diagonal and CP violation is induced. From the present bounds on BR(µ → eγ) and d e we find that, with reasonable assumptions on the mixing matrices X andX, we need m/ Y andm/ Y well above 10 TeV, Y denoting an average absolute value of the Yukawa matrices. Even though in the presence of anarchical Yukawa interactions the degree of suppression provided by partial compositeness does not allow for a compositeness scale m,m of the order of 1 TeV, we should stress the improvement by several orders of magnitude with respect to the bounds of the general effective operator analysis presented in the previous section.
Assuming that the left mixing X is proportional to the identity, as suggested by the large mixing angles in the lepton sector, is not sufficient to align y SM ℓ and C eγ . If we postulate that Y * L = 0, charged lepton masses do not vanish while the leading order contribution (22) ϕl , and Q ϕe are generated with
As a result the best probes of the scenario Y * L = 0 are µ → 3e , µ → e conversion in nuclei and the electron EDM. In the portion of the parameter space where perturbation theory is applicable, LFV allows a compositeness scale close to the TeV, even in the case of anarchical Yukawas 13 .
Another possibility to reconcile partial compositeness with the TeV scale is to assume an SU(3) flavour symmetry in the strong sector, forcing m,m, Y * R and Y * L to be aligned to the identity matrix l 1, at least in a suitable basis. If in such a basis we have also X ∝ l 1 (X ∝ l 1), then the unique source of LFV isX (X), which is proportional to the matrix of charged lepton Yukawa couplings. This scenario reproduces the case of MFV and CLFV are absent in the limit of massless neutrinos 22 . Even in this MFV limit, sizeable deviations are expected in the Higgs Yukawa couplings. Indeed the operator Q eϕ contributes to lepton masses and to higgs couplings with a different weight:
where
In this case we have C eϕ /Λ 2 N P ≈ y SM ℓ Y * R Y * L /(mm) and
at the level of 10% for m,m = 1 TeV and Y * L , Y * R ≈ 1 ÷ 2, not far from the present sensitivity of LHC to the tau Yukawa coupling.
The future developments of this field are very promising with prospects of exploring new significant territories in the intensity frontier. Evidence for CLFV and LCPV would represent a major advance, not only in connection with the flavour structure of NP, but also as a new step in our quest for a solution of the mystery of fermion masses and mixing angles.
